The embryonic thymus is seeded by invading hemopoietic precursor cells that differentiate intrathymically into T lymphocytes. We have recently reported that avian thymic epithelial cells secrete chemotactic peptides, which provoke oriented migration of hemopoietic precursor cells in vitro. The established rat thymic epithelial cell line IT-45 R1 produced a polypeptide that resolves as a single band in the region of 11 kDa on NaDodSO4/polyacrylamide gels. This molecule, which we have named thymotaxin, induced a chemotactic response in a subpopulation of hemopoietic cells from juvenile rat bone marrow. Responding cells were generated by short-term coculture ofrat bone marrow hemopoietic cells with mouse bone marrow stroma in a steroid-free medium. Cells selected in a chemotactic chamber have a lymphoid or blast cell morphology. The phenotype of the responding cells is Thy-i +, CD4+ and CD8 -. In contrast, CD8 T-lymphocyte differentiation antigen was expressed after coculture with embryonic thymic monolayers, suggesting that the responding cells correspond to the precursors colonizing the thymus.
The thymic microenvironment plays a crucial role in the differentiation of immigrated hemopoietic precursors into T cells (1) (2) (3) (4) (5) . Direct cell-cell interaction as well as soluble factors are involved in the establishment of the different T-cell lineages (6) (7) (8) (9) (10) . Thymic epithelial cells of the superficial cortex and of the medulla have attracted particular interest since they produce functional thymic hormones such as thymopoietin, thymosin, or thymulin (11, 12) . Besides the secretion of hormones that play important roles in the differentiation of hemopoietic precursors, thymic epithelial cells are involved in the recruitment of T-cell precursors to the thymus. Avian thymic epithelial cells, prepared from quail embryos, secrete peptides that are chemotactic for hemopoietic precursor cells (13, 14) . Quail precursors can be selected by chemotactic migration in vitro toward these peptides in Boyden chambers. These quail cells subsequently still have the capacity to colonize a xenogeneic chicken thymus in vitro. When this colonized thymus is grafted back to a chicken embryo, the quail hemopoietic precursors mature into T cells. In avian embryos, cells responding to thymic chemotactic peptides are found in the bone marrow (15) ; early on, however, they may also originate from discrete hemopoietic foci that are dispersed in the embryo (16) . To reach the thymus, these hemopoietic cells extravasate from blood vessels, traverse the perithymic mesenchyme, and finally invade the thymic basement membrane before inserting themselves between epithelial cells. The chemotactic peptides are directly involved in these events by exerting a dual function in controlling the oriented migration and by inducing a transient invasive behavior (15) .
Recently, a rat thymic cell line (IT-45 R1) was established and shown to possess all the properties ofepithelial cells (17) . These cells show morphological and functional aspects of the superficial cortex epithelium. By immunofluorescence, thymulin as well as thymopoietin can be detected in the cytoplasm ofIT-45 R1 cells (18) . These cells secrete thymulin, and their conditioned medium contains this thymic hormone as a biologically active molecule. In the present study, we show that this rat thymic cell line produces chemotactic molecules comparable to the avian system. Hemopoietic precursor cells responding to the chemotactic peptides are found in the bone marrow of young rats. An in vitro culture system of bone marrow cells grown on mouse stroma using steroid-free sera allowed the enrichment of responding cells. The responding cells predominantly had a lymphoid phenotype and were devoid of T-or B-cell differentiation markers. A significant percentage of these hemopoietic cells selected by the chemotactic peptides were able to express T-cell markers when grown in contact with primary cultures of embryonic rat thymus.
MATERIALS AND METHODS Animals. Male WAG Wistar rats and male Swiss mice, 3-4 weeks old, were routinely used for bone marrow preparation.
Hemopoietic Precursor Cells. Bone marrow cells were prepared from the femur cavity and loaded onto bovine serum albumin (Path-O-cyte-5, Miles) diluted to 28% with phosphate-buffered saline (PBS) and centrifuged at 1000 x g for 30 min. Floating cells were washed with Dulbecco's modified Eagle's medium (DMEM; GIBCO) and used for chemotactic migration assays.
Chemotactic Migration Assays. For migration assays, Boyden chambers (100 p.1) were used as described (14) . Associates). The material was eluted from Sep-Pak by 1.5 ml of 80% acetonitrile and loaded onto a Sephadex G-50 (Pharmacia) column (1.5 x 100 cm) equilibrated with PBS and run at 10 ml/hr. Fractions (2.5 ml) were lyophilized to allow better storage, reconstituted with H20, diluted in DMEM to the original volume of conditioned medium, and tested for chemotactic activity on hemopoietic precursors in Boyden chambers. Aliquots were analyzed on silver-stained NaDod-S04/polyacrylamide gels. Peptide concentrations were determined by the Bio-Rad protein assay.
Thymocyte Activation and Cytotoxicity Used as Detection Assays for Interleukin 1 (IL-1) Activity. Activation of thymocytes was performed as described (21 (Fig. ld) . These cells were further analyzed after cytocentrifugation and Giemsa-May-Grunwald staining. Large cells (8 ,um on Coulter Counter) were mostly of the myeloid type but contained 23% immature blasts, and the medium sized cells (6 ,m) contained cells of the lymphoid type. Using an appropriate window setting on the channelizer 256, it was possible to distinguish migration of the two major cell subpopulations. The 6-,um cell population migrated specifically toward thymic epithelial cell conditioned medium, whereas large cells also migrated toward components in the fetal calf serum (data not shown). Therefore, the migration effect of small 6-,m cells that contain lymphoids was used for subsequent studies. Short-Term in Vitro Culture ofHemopoietic Precursors from Bone Marrow. In an attempt to further enrich hemopoietic cells that migrate specifically toward thymic factors, rat bone marrow cells after bovine serum albumin gradient centrifugation were cocultured with mouse bone marrow monolayer in the presence of 20% steroid-free fetal calf serum supplemented with 1% steroid-free synthetic serum. A cell population of intermediate cell size (diameter, 6.2 ,um) appeared after 24 hr of culture and persisted for several days (Fig. ic) . Most of these cells weakly adhered to feeder cells (Fig. 2) . Upon exposure to the thymic epithelial cell-derived medium, 7% of these cells migrated in Boyden chambers at day 3 of culture ( Fig. le) . Migration competent precursors are therefore 41-fold enriched under these culture conditions compared to those found in freshly prepared total bone marrow cells. Noticeably, the contaminating erythroid precursor cells disappeared from cultured cells, and cells of the lymphoid type with a diameter of 6 Am were enriched in such populations ( Fig. lc; Table 1 ). As much as 60%o of migrated cells express the Thy-1 molecule, whereas no T-cell (CD4, CD8) or B-cell differentiation markers (IgM, major histocompatibility complex class II) were detectable on these cultured bone marrow cells, suggesting an immature phenotype.
Isolation of the Chemotactic Activity Secreted by the Thymic Epithelial Cell Line IT45 R1. For rapid concentration, serumfree IT-45 Ri thymic epithelial cell-conditioned medium was passed through Sep-Pak C18 cartridges. The chemotactically toward these thymic epithelial cell products (Table 1) . For further purification, cartridge eluted material was loaded onto a Sephadex G-50 column. All fractions were diluted with DMEM to the original volume of the conditioned medium and tested for chemotactic migration of cultured bone marrow cells in Boyden chambers. Chemotactic activity was found in two zones of 11 and 4 kDa (Fig. 3A) . Cells that migrated toward the different column fractions were analyzed for their morphological phenotype by MayGrunwald-Giemsa staining. The migration profile for lymphoid type cells corroborated with the active fractions that have been found by counting migrated cells by the Coulter Counter (Fig. 3A) . The purified 11-kDa material was much more selective than the crude conditioned medium (75 vs. 51% of migrated cells were of lymphoid type, respectively; Table 2 ). The purified chemotactic activity was further analyzed by NaDodSO4/gel chromatography. Silver-staining identified the 11-kDa material as a single distinct band, which we have named thymotaxin. Full chemotactic activity was achieved by using thymotaxin at 14 ng/ml, whereas Sep-Pak Bone marrow-derived cells were taken before and after chemotactic migration toward IT-45 R1 conditioned medium, purified thymotaxin, and control DMEM. These cells were then cytocentrifuged and stained in May-Grunwald and Giemsa solution. Numbers represent the percentage of at least 250 counted cells per experiment and standard deviation was given for three independent experiments. Lymphoid type cells were enriched after migration toward the 11-kDa peptide thymotaxin. Lymph., lymphoid cells, Immat. blasts, immature blast cells that did not contain any granules in the cytoplasm and were probably not committed cells; Erythr. prog., erythroid progenitor cells; Myel. prog., myeloid progenitor cells; PMN, polymorphonuclear leukocytes; Monoc. macro., monocytes and macrophages; BSA, bovine serum albumin.
eluted material at 25 ,ug/ml or undiluted conditioned medium (protein concentration, 1.03 mg/ml) was necessary.
Human IL-1 gives rise to biologically active degradation peptides in the same size range that were detected for thymotaxin and the 4-kDa products (23) . Furthermore, IL-1 is chemotactic for mature T and B lymphocytes (24) . Therefore, recombinant human IL-1 was tested for chemotactic migration of day 3 cultured bone marrow cells in Boyden chambers. None of the tested IL-1 concentrations (from 10 ,ug to 0.1 ng) attracted cultured bone marrow cells (data not shown).
Purified thymotaxin and the 4-kDa material were then tested for two known biological IL-1 activities. Neither lymphocyte activation on fresh thymocytes nor cytotoxic activity on L929-a target cells (same test used for detection of tumor necrosis factor activity) was found (Fig. 4) . In Vitro Differentiation of Hemopoietic Precursors. The rudiments of 14-day-old rat embryonic thymus were explanted and cultured in microwell dishes. At this stage of embryogenesis, the rat thymus contains only very few lymphocytes. In a medium specially designed for this purpose (14, 20) , epithelial cells form a halo around the explants after 3 days of culture (Fig. 5a ). Cultured hemopoietic precursors that responded to thymotaxin were cocultured on these thymic monolayers after a change to steroid-free medium for an additional 3-day period ( (19) since it was suggested that pre-T cells could be preferentially enriched under these conditions. In contrast to the steroid-rich Dexter cultures, which give rise to myeloid cells (26) , steroid low culture conditions favor the maintenance or the development of lymphoid cells (19, 27) . So Thymotaxin selects for small Thy-1 + lymphoid cells, which could acquire a T-cell marker in vitro. In rats, the Thy-1 molecules are expressed by precursors that give rise to a variety of hemopoietic lineages. Recent experiments in our laboratory showed that a minor population of fresh bone marrow cells enriched by chemotactic migration toward thymotaxin can also differentiate into T cells in coculture with thymic stroma. The responding cells did not contain the granulocyte, erythroid, macrophage colony-forming cells (GEM-CFC) as assayed in semisolid cultures in the presence of IL-1, IL-3, and erythropoietin (unpublished data). Therefore, thymotaxin might specifically attract committed pre-T cells; alternatively, it is intriguing to consider that it acts on stem cells, which could not reach the GEM-CFC stage in our semisolid culture system.
